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Abstract

Extinction coefficients (at 1053 nm) and Nd3* fluorescence quenching rates are reported for Cu, Fe, Dy, Pr, Sm and
Ce at doping concentrations up to 1000 ppmw in two meta-phosphate laser glasses melted under oxidizing conditions (1
atmosphere O,). The extinction coefficient and quenching rate for Cu are 2.7(£0.1) x 107> cm~!/ppmw and 10.4 £ 0.2
Hz/ppmw, respectively. The extinction coefficient and quenching rate for Fe are concentration dependent below 300
ppmw due to an observed change in Fe?*/Fe" distribution; an empirically derived expression is used to describe this
effect. The extinction coefficient and quenching rates for Dy, Pr and Sm, are nearly the same: 1.6, 1.2 and
1.3(£0.05) x 10~ cm~!/ppmw and 0.89, 0.72 and 0.63 + 0.04 Hz/ppmw, respectively, while those for Ce are less:
0.84(40.03) x 107> cm~!/ppmw and 0.061 + 0.03 Hz/ppmw. The quenching results are explained using the Forster—

Dexter theory for dipolar energy transfer. © 2000 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Neodymium-doped phosphate glasses are the
preferred material for use in high-energy and high-
peak-power laser systems [1-3]. There are a num-
ber of reasons for this choice, but perhaps the
three most important are: (1) energy can be effi-
ciently stored and extracted from these glasses
[4,5], (2) high energy storage densities ( = 250 J/1)
can be achieved [2,4] and (3) the glasses can be
manufactured in meter-scale sizes with high optical
homogeneity and low Pt-inclusion concentrations

[6].

*Corresponding author. Tel.: +1-925 423 2949; fax: +1-925
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Transition metal and rare earth ion impurities
degrade the laser performance of the glass by re-
ducing both the stored energy and optical trans-
mission [7]. The stored energy, which refers to the
Nd*" excited state density in the *F3,, upper laser
level, is affected by these impurities through in-
creased non-radiative losses. In addition, the op-
tical absorption of many transition metal
impurities contributes to absorption losses at the
laser wavelength, even at contaminant concentra-
tions in the low ppmw range. In this regard, Fe
and Cu are particularly troublesome: Fe because it
is present in most materials due to the use of
iron-based processing equipment and Cu because
of its exceptionally large optical absorption
cross-section at the 1053 nm laser transition. For
these reasons, Fe and Cu are the main focus of this
study. We also examine Dy, Pr, Sm and Ce
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contaminants because they are difficult elements to
separate from Nd and therefore are common im-
purity ions in Nd raw materials [6].

Optical absorption by impurities decreases
the net gain of a laser glass amplifier. For example,
in the small-signal region, the amplifier gain, Gss,
is

Ges = i — exp((g0 — 2)1), (1)

where F;, and F,, are the input and output fluence
(J/cm?), respectively, /, the laser glass length (cm),
and g, the gain coefficient (cm™!) [5]. Here « rep-
resents the sum of all optical loss terms

n n
o = Olscatter + E oTM; + E aRE]‘? (2)
=1 =1

where oauer 15 the loss coefficient (cm™!) due to
scattering by defects and inclusions (such as bub-
bles and Pt particles), and ory, and ogrg; represent
the individual absorption coefficients due to tran-
sition metal ion, i, and rare earth ion, j, respec-
tively. The absorption coefficient for a given ion is
the product of the extinction coefficient, & (cm™!/
ppmw) and the impurity concentration, ¢ (ppmw).
Generally, scatter losses are negligible (in the ab-
sence of laser damage) because of the highly pol-
ished surfaces and the lack of inclusions or bubbles
in the laser glasses used on laser systems [8].
Therefore, absorption by impurities is the domi-
nant loss term.

Apart from increasing the optical losses, (x),
impurities can also adversely effect laser perfor-
mance by decreasing the stored energy through
non-radiative energy losses [4,7]. The rate of en-
ergy transfer between Nd3* and an impurity is
generally described on the basis of a dipole—dipole
interaction using the model originally formulated
by Forster [9] and later extended by Dexter [10]. In
the Forster—Dexter model, Nd3* is the ‘donor’ (D)
and the impurity the ‘acceptor’ (A); the energy
transfer rate is given as

Gp(v)Ka(v) dv

kon = RS / , 3)

where 5 is a constant for a given base glass com-
position and Rp, is the inter-atomic distance be-
tween the donor and acceptor. The integral
describes the spectral overlap between the donor
emission, Gp(v) and acceptor absorption Kj(v),
where v is in wave numbers. Thus acceptors that
are the strongest absorbers at the emission wave-
length tend to produce the greatest increase in the
non-radiative decay rate.

There have been numerous studies of the optical
absorption properties of Fe and other transition
metal ions in phosphate glasses (see for example
[11-22]) and fluorophosphate glasses [20,21,23—
26]. However, only a few previous studies have
addressed the issue of optical loss at 1053 nm and/
or fluorescence quenching by transition metal and
rare earth ions present at impurity levels of <1000
ppmw in Nd-doped phosphate laser glasses [7,27—
29]. In this work, we report for the first time both
the absorption loss and the increase in Nd** non-
radiative decay rate due to Fe and Cu over a range
of doping concentrations from about 10 to 1000
ppmw in two widely used commercial meta-phos-
phate glasses: LHG-8 and LG-770. We also report
the absorption loss and fluorescence quenching by
several common rare earth impurities (Dy, Pr, Sm
and Ce) doped mostly at 1000 ppmw. All melting
has been carried out in an oxidizing environment
(O, gas; 1 atm) because these conditions are widely
used in commercial laser glass processing [6,30,31].

2. Experimental

2.1. Preparation and chemical analysis of glass
melts

The two glass compositions used in this study
are LHG-8 and LG-770. LHG-8 has the compo-
sition  (mol%): (55-60)P,0s—(8-12)Al1,0;—(13-
17)K,0—-(10-15)BaO and (0-2)Nd,O;; similarly
LG-770 is (58-62)P,05—(6-10)A1,05—(20-25)K,0-
(5-10)MgO and (0-2)Nd,0Os3. Both glasses are near
meta-phosphates (O/P ~3.0). The compositions
are reported as ranges to account for variability
due to doping and melting methods and to protect
certain proprietary aspects of the compositions
[4,6]. Several recent studies have shown that the
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laser, optical, and physical properties of these
two glasses are quite similar (£10% for most
properties) suggesting that over the minor ranges
in composition (and modifiers) listed above, the
laser glass properties are largely unchanged
[4,6,32].

All glasses were prepared using procedures de-
scribed elsewhere [27,29] and using the same
source and purity starting materials. Impurity
concentrations were verified by chemical analysis
as described below. Several undoped samples were
prepared as references. All samples were melted in
quartz crucibles with both dry O, bubbling and
dry O, cover gas and homogenized by stirring;
prior to melting both the crucible and stirrer were
cleaned with 6 M HCI to minimize contamination.
The LG-770 samples were first melted at 1200°C
and then refined for four hours at 1375°C to re-
move bubbles. The LHG-8 samples were prepared
in a similar fashion using melt temperatures of
1100°C and refining at 1250°C. In the case of both
LHG-8 and LG-770, the liquid was then cooled to
approximately 900°C and cast into a mold. The
samples were then annealed to reduce residual
stress at a rate of about 30°C/h starting at ap-
proximately 500°C (~50°C above T,) and ending
near room temperature.

The use of a dry cover gas during melting was
to minimize hydroxyl group contamination caused
by water vapor reacting with the glass [6,33]. The
OH concentration was measured by the intensity
of the O—H vibration band near 3000 cm™' [34,35].
The measured absorption at 3000 cm~! for the
LG-770 samples was <0.6 cm~! and for the LHG-
8 samples <5 cm™'.

The impurity doping concentration of each
sample was verified by analysis of fully dissolved
glass solutions using inductively coupled plasma
(ICP) emission spectrometry (Thermo Iris Model
6943) for Fe and Cu and ICP mass spectrometry
(Hewlett Packard Model 4500) for the rare earths.
Sc, Be and/or Pr were used as internal standards
depending on the analyte. National Institute of
Standards and Technology traceable standards
(SPEX Industries) were used to calibrate the in-
struments. The measured dopant ion concentra-
tions in the glasses were in close agreement with
the batch compositions (+10%).

2.2. Nd**fluorescence decay

The fluorescence decay rates were measured
using 2x2x2 mm?® polished glass cubes. The
sample was held in an anodized mount and illu-
minated with the broadband spectral output
(~300-1100 nm) from a flashlamp (EG&G
LS1130-4) having a 2.2 ps pulse-width. Two opti-
cal filters (Melles Griot KG-3 and BG-18) effec-
tively blocked all but the visible pump wavelengths
(340-620 nm). A photo-multiplier tube (Ham-
amatsu R5108), mounted perpendicular to the
flashlamp, monitored the fluorescence signal. An
optical filter on the photo-multiplier (Melles Griot
RG-850) blocked the pump light and allowed
transmission of the fluorescence signal. The tem-
poral decay of the signal was recorded on an os-
cilloscope (Tektronix TDS 380) and fit to a single
exponential function to determine the character-
istic Nd** fluorescence decay time. A signal gen-
erator (Tucker Electronics, TFG 8140) is used to
trigger the flashlamp and oscilloscope. The fluo-
rescence lifetimes were corrected for non-radiative
decay due to OH contamination using the empir-
ical correlation developed by Campbell and
Suratwala [4]. Also, a minor correction was made
(<20 Hz) for radiation trapping within the finite
sample volume [36].

2.3. Optical absorption measurements

Optical extinction coefficients were measured
using both a conventional spectrophotometer and
a custom-built laser calorimeter. The calorimeter
method was used to confirm the spectrophoto-
metric measurements on glasses doped with Fe
concentrations. Calorimetric measurements were
performed at 1064 nm using a steady-state laser
heating technique; details of this method are de-
scribed elsewhere [8,37].

Transmission measurements were carried out
with a spectrophotometer (Shimadzu model UV-
1601 PC) using two polished samples of the same
glass but with different thickness (5 and 50 mm) to
compensate for fresnel surface losses. A series of
four transmission measurements per sample were
made to eliminate effects by striae or inclusions;
for these measurements the samples were rotated
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about the beam axis within the spectrophotometer.
The average of the four transmission measure-
ments was used to compute the absorption coeffi-
cient (, cm™") using the exponential form of Beer’s
law [38]. The extinction coefficient (¢, cm™!/ppmw)
was then computed from the absorption coefficient
and the doping concentration (c, ppmw); & = a/c.

The optical absorption measurements at 1053
nm were corrected for absorption by Nd** ions
that thermally populate the *;, terminal laser
level using the empirical expression [4]

ana(T) = 1.03 x 1072° [Nd**] exp (g), (4)

where ang(7) is the loss (cm™'), [Nd**] the Nd-
dopant ion concentration (ions/cm’®) and T the
temperature (K). The Nd** concentrations used in
this study are 4.6 x 10* and 4.2 x 10% ions/cm?
for the LG-770 and LHG-8 samples, respectively.
Therefore the corresponding 1054-nm absorptions
at 22°C (295 K) due to the Nd** are 7.6 x 10~* and
7.0 x 10~ cm™!, respectively.

No attempt was made to correct for scatter
losses in these optical quality glasses because the
surfaces were highly polished and prepared using
the same polishing procedure. Accurate measure-
ments of scatter losses on highly polished pieces of
phosphate laser glasses have been reported previ-
ously using an integrating sphere scatterometer [8];
the results show surface losses of less than 5 x 1073
per surface and bulk glasses losses <107> cm™!
(detection limit).

3. Results

3.1. Optical measurements

The measured optical transmission spectra be-
tween 800 and 1100 nm for Nd-doped LG-770
containing various concentrations of Fe and Cu
are shown in Fig. 1. The absorption bands at
about 815 and 870 nm are due to the Nd** tran-
sitions from the *Iy;, ground state to the overlying
“F3), and *Fs),, 2Hy), states, respectively. The re-
gion of interest in this study is the absorption near
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Fig. 1. Transmission spectra measured on LG-770 doped with
various concentrations of (a) Cu and (b) Fe. The vertical dashed
line represents the 1053 nm Nd>* laser transition. The Cu and
Fe spectra shown here are for nominal 0.5-cm and 5-cm-thick
samples, respectively.

1053 nm that corresponds to the *Fs,—*I;; ), laser
transition.

Fig. 2 shows the measured transmission spectra
for LG-770 doped with various Fe impurity con-
centrations but without Nd**; La’t was substi-
tuted as the rare-earth dopant. Because of the lack
of interference by the Nd** absorption bands,
these spectra show the major absorption bands
due to Fe?* and Fe** between about 300-3000 nm.
The band assignments shown are based on re-
ported values for Fe in phosphate glasses
[14,17,39,40]. The absorption below 400 nm is due
to the tail of the intense absorption bands of Fe’*
charge transfer states at about 195 and 240 nm
[40,41]. Kurkjian and Sigety [17] assign the bands
at about 415, 520 and 735 nm (Fig. 2(b)) to the
Fe’t transitions °4,—*E*4,, *T, and T, respec-
tively.

The results from transmission measurements on
the Cu, Fe and rare earth-doped samples are



P.R. Ehrmann et al. | Journal of Non-Crystalline Solids 263&264 (2000) 251-262 255

12ppm,

80

60

40

Transmission (%)

20 |-

Fe*
octahedral

113

1

t

Fe™
tetrahedral

o
800

1200

1600

2000

2400

2800

Wavelength (nm)

Transmission (%)

0 1 L
300 400 500 600 700 800

Wavelength (nm)

Fig. 2. Transmission spectra between (a) 800-3000 nm and (b)
300-800 nm for S5-cm-thick samples of LG-770 doped with
various concentrations of Fe and using La rather than Nd as
the rare-earth dopant.

Table 1

summarized in Table 1 as extinction coefficients at
1053 nm. The extinction coefficients for the rare
earths in LG-770 follow the observed trend:
Dy = Sm = Pr > Ce. The extinction coefficients, ¢
(cm~!'/ppmw), were calculated from the measured
absorption coefficients, « (cm™"), by simply divid-
ing by the impurity concentration (ppmw). It is
straightforward to convert these reported extinc-
tion coefficients to other common concentration
units (e.g. ions/cm?®, mol/l) from the known glass
densities (2.83 and 2.59 g/cm? at 20°C for LHG-8
and LG-770, respectively).

3.2. Non-radiative decay rates

The increase in the Nd** fluorescence decay rate
(i.e. quenching rate) due to the presence of the
various metal ion impurities is summarized in
Table 1 (Hz/ppmw). The quenching rate was
computed from the measured fluorescence life-
times

(=Y
b= (5)

where 1 and 1, are the Nd** fluorescence lifetimes
for the doped and undoped samples, respectively,
[4] is the impurity (acceptor) ion concentration,
and k, is the decay rate per unit impurity-ion
concentration. The Nd concentration is fixed.
The quenching rate by Cu is nearly 10-fold
greater than Fe at ion concentrations of more than

Extinction coefficients at 1053 nm and fluorescence quenching rates due to various impurity ions in LG-770 and LHG-8 melted under

oxidizing conditions (1 atmosphere O,)*

Element Quenching rate k, (Hz/ppm) Extinction coefficient & (10~* ¢cm~!/ppmw)
LHG-8 LG-770 LHG-8 LG-770

Cu 102+1.5 10.6 £1.5 2.78 +0.34 2.61 +0.28

Fe ( > 1000 ppmw) 0.86 +0.03 1.4 +£0.06 0.11 +0.005 0.18 +0.008

Fe (<1000 ppmw) Eq. 9)° Eq. 9)° Eq. (6)° Eq. (6)°

Dy - 0.89 +0.04 - 0.016 & 0.0006

Pr 1.1 +£0.06 0.72 +0.04 - 0.012 4 0.0005

Sm - 0.63+0.03 - 0.013 +0.0005

Ce - 0.061 £ 0.03 - 0.0084 £ 0.0003

2The data are for Nd-doping densities of 4.6(40.1) and 4.2(40.1) x 10% ions/cm? for LG-770 and LHG-8, respectively.

®See Eq. (9): f=7.8 kHz/em™! and ¢ per Eq. (6).

°See Eq. (6): &max = 1.8(£0.17) x 107 ecm™/ppm and 1.1 (£0.09) x 10~* cm~!/ppm for LG-770 and LHG-8, respectively; [Fe]. = 170

ppmw.
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300 ppmw (i.e. about 10 Hz/ppmw Cu vs. 1 Hz/
ppmw Fe). The Fe quenching rate is about 40%
lower in LHG-8 compared to LG-770; however
the Cu quenching rates are nearly identical in both
glasses.

The effect of the rare earth impurities on the
Nd3* non-radiative decay rate in LG-770 varies
from about 0.06-0.9 Hz/ppmw (Table 1) and fol-
lows the trend: Dy = Pr =~ Sm > Ce. This trend
approximately parallels that observed for the ab-
sorption cross-section of these ions (Table 1).
LHG-8 samples doped with Pr3** showed about a
twofold greater decay rate than LG-770: 1.1 Hz/
ppmw at 4.2 x 10 Nd ion/cm?.

4. Discussion
4.1. Optical absorption by Cu at 1053 nm

The Cu?* absorption at 1054 nm increases lin-
early with Cu-doping concentration giving an ex-
tinction coefficient of about 2.7 x 1073 cm~!/ppmw
in both LHG-8 and LG-770 (see Fig. 3). The
magnitude of the Cu’" extinction coefficient is
similar to that observed in other phosphate laser
glasses (Table 2). In particular, Sapak et al. [27]
report a value of 2.7 x 1073 cm™!/ppmw measured
for LG-750 prepared in an O, melting atmosphere.
The composition of LG-750 is reported to be
nearly identical to LHG-8 [4]. Here we assume Cu
is present only as Cu®>* based on the work of Bae
and Weinberg [13] who report 100% Cu?* in fully
equilibrated melts prepared in air using quartz
crucibles and containing less than 50% CuO. All
the melts in our study were prepared using quartz
crucibles and O, and thus satisfy this criteria. Note
that Sapak et al. [27] report that melts of LG-750
meta-phosphate containing Cu and prepared un-
der neutral conditions (N;) have extinction coeffi-
cients at 1053 nm about 20% lower than melts
prepared in O, (Table 2). This suggests some
conversion (~20%) of Cu*" to Cu® under these
conditions.

Extinction coefficients for Cu impurities at
ppmw concentrations in other glass forming sys-
tems have been reported. Ehrt [26] reports a value
of about 7 x 107* cm~!/ppmw in a fluorophos-

Cu doping density (10'%ions/cm®)

0 5 10 15 20 25 30
4 T T T T T T
8 _
K E % =
H
g &
= () LHG-8
§%
e x L i
>
w
0 1 1 1 1 1 1
0 200 400 600 800 1000 1200
Cu doping (ppm,)
Cu doping density (10"%ions/cm®)
0 5 10 15 20 25
4 T T T T T T
; @ I W o
t = &L
g E { T N ot
g g
e 2
2 g2t 1
o o
§ % (b) LG-770
T
s <L .
i
0 1 1 1 1 1 1
0 200 400 600 800 1000 1200

Cu doping (ppm,)

Fig. 3. Cu®* extinction coefficient per ppmw at 1053 nm in
LHG-8 (®) and LG-770 (O) as a function of Cu’>*-doping
density.

phate glass (10Sr(PO;),-35AlIF;-30CaF,—15SrF,
-10MgF,) prepared using O, bubbling through
the melt. Stokowski and Krashkevich [7] measured
a value of 3.8 x 107* cm~!/ppmw in a commercial
alkali-zinc-silicate laser glass (LG-660) melted
under neutral (N,) conditions. These extinction
coefficients are about 4-8 times lower, respectively,
than observed in phosphate glasses.

4.2. Optical absorption by Fe

In contrast to Cu®", the extinction coefficient
for Fe at 1053 nm is concentration dependent be-
low about 300 ppmw (Fig. 4). We propose that this
concentration dependence is due to a shift in the
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Table 2

Comparison of extinction coefficients (x 1073 cm~!/ppmw) at 1053 nm from this study with previous work on phosphate laser glasses

(doping concentrations greater than 300 ppmw)*

Source This study Toratani Stokowski and Sapak et al. [27]
[28,29] Krashkevich [7]

Glass LG-770 LHG-8 GPP? UP-91® UP-16° LG-750° LG-750°

Atmosphere 0, 0, - N, N, O, N,

Impurity

Cu 2.6 2.8 24 2.3 2.1 2.7 2.1

Fe (= 1000 0.18 0.11 2.4 0.7 0.6 0.13 0.55

ppmw)

Fe (<1000 ppmw) Eq. (6) Eq. (6)¢ - - - - -

Dy 0.016 - 0.011 - - - -

Pr 0.012 <0.01 - - - - -

Sm 0.013 - 0.011 - - - -

Ce 0.0084 - - - - - -

#Random errors for values from this study are given in Table 1.

®GPP: 51.5 P,0s5-18.5Ge0,-30Ga0,; UP-91 (ultraphosphate): 68.2 P,0s—11.8AL,05-14K,0-6(La + Nd),03; UP-16: 70 P,05-20
K,0-10 (La + Nd),05; LG-750[4] (meta-phosphate): (55-60) P,0s—(8-12)ALO3—(13-17)K,0—(10-15) BaO—(0-2)Nd,0;.

°LG-770: &max = 0.179 x 1073 cm~!/ppmw, [Fe]. = 170 ppmw.
YLHG-8: £max = 0.106 x 107* cm™/ppmw, [Fel. = 170 ppmw.

Fe doping density (1 0" ions/cma)
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Fig. 4. Fe extinction coefficient at 1053 nm in LHG-8 (@) and
LG-770 (O) as a function of Fe-doping density. The line is
calculated using Eq. (6).

redox equilibrium between Fe’* and Fe?* at low
doping levels. It is well known that Fe in glasses is
distributed between Fe?* and Fe** and that this
distribution depends on the redox state of the
glass. In a study of barium aluminophosphate
glasses, Zirkelbach and Briickner [14] estimate the
distribution to be about 23% Fe*"/77% Fe*t and
25% Fe**/75% Fe** for their glasses when melted
in air and O,, respectively. This distribution is for
a Fe doping level of 1 mol%. They also determined
the distribution of Fe** between octahedral and
tetrahedral coordination by measuring the inten-
sities of the characteristic bands for these two sites
near 1050 and 2100 nm, respectively.

The Fe 1053-nm extinction coefficient reported
here is also dependent on the glass type, although
this effect is much smaller than the doping con-
centration dependence. In particular, the Fe ex-
tinction coefficients differ by about a factor of two
between LHG-8 and LG-770 samples for Fe con-
centrations of 300 ppmw or greater. The compo-
sitions of LHG-8 and LG-770 differ mainly in the
group II modifiers they contain: BaO and MgO,
respectively. Thus it is possible these modifiers
alter the oxygen fugacity sufficiently to change the
Fe**/Fe’* ratio; such effects are well-known in
silicate glasses (see for example [15,42,43]. It is also
possible that the slightly different melt tempera-
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tures used to prepare our glasses cause this differ-
ence. Specifically the LHG-8 and LG-770 samples
were melted and refined at 1200/1375°C and 1100/
1250°C, respectively. Standard melt thermody-
namics favor Fe?* formation at higher tempera-
tures [20,21,43,44] that could account for the
higher Fe?* in the LG-770 sample.

A comparison of the Fe extinction coefficients
at 1053 nm determined from the optical trans-
mission measurements and via laser calorimeter is
given in Fig. 5. Absolute calibration of the calo-
rimeter is difficult but relative changes in absorp-
tion can be readily measured. Therefore in Fig. 5
we compare the relative change in sample ab-
sorption measured via the calorimeter with that
determined by direct transmission measurements
on both LHG-8 and LG-770 samples. Data from
these two measurement techniques agree to within
the error limits shown (Fig. 5).

ouly -

-4 . O spectrometer
® calorimeter

0.0 (&= + 4 . }

os 4]

Normalized extinction coefficient

04 F
g O spectrometer i
® calorimeter
0.0 1 1 1 1 1
0 200 400 600 800 1000 1200

Fe doping (ppm,)

Fig. 5. Normalized extinction coefficient at 1053 nm as a
function of varying Fe-doping concentrations as measured by
spectroscopic and calorimetric methods for LHG-8 and
LG-770. The solid line is Eq. (6) with &,,x normalized to 1.

To more fully analyze our data, we chose to fit
the measured Fe extinction coefficient at 1054 nm
to a single parameter equation of the form

ere = émax (1 — exp (—[Fe]/[Fel.)), (6)

where, ¢re, 1S the Fe extinction coefficient, gy,, the
limiting extinction coefficient at Fe concentrations
of 1000 ppmw and [Fe], the Fe doping concen-
tration (ppmw). The parameter, [Fe]., is a char-
acteristic doping density for the system and is the
single fitting parameter. The best fit to the data for
both LG-770 and LHG-8 samples gives
[Fe], =170 ppm. The measured &n. are
1.79 x 10~* and 1.06 x 10~* cm~!/ppm for LG-770
and LHG-8, respectively (see Fig. 4).

The data in Fig. 2 show there is little change
with concentration in the Fe?* distribution be-
tween sites of tetrahedral and octahedral coordi-
nation. Instead, the dominant reason for the drop
in 1053 nm absorption appears to be due to the
redistribution in Fe between the 2+ and 3+ states.
The change in the ratio of Fe’*/Fe?* can be mea-
sured from the change in intensity ratios for bands
associated with 3+ and 2+ ions.

The change in the Fe?*/Fe** ratio at low dop-
ings was verified not only by measuring the de-
crease in Fe>™ but also the corresponding increase
in Fe’* using the characteristic band at 415 nm.
These data are plotted in Fig. 6 as normalized Fe**
and Fe** extinction coefficients, for various Fe
doping levels. The extinction coefficients are both
constant above about 300 ppmw, however below
300 ppmw the extinction coefficient for the 415 nm
bands (Fe’") increases whereas the value for the
1050 nm band (Fe?*) decreases. The data in Fig. 6
are meant to illustrate the increase in Fe’*; how-
ever, the absolute magnitude of the increase
should be viewed with caution because of the lack
of a numerical band fitting analysis.

The observed change of the Fe?"/Fe*' ratio
without a corresponding change in melting con-
ditions (i.e. the oxygen pressure over the melt) is
unusual but not without precedence. Glebov et al.
[45] has reported similar behavior for Fe in silicate
glasses at low doping levels (<500 ppmw Fe
doping). Glebov suggests that at high Fe concen-
trations the Fe?*/Fe** ratio is determined by the
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Fig. 6. Relative change in the Fe** (415 nm) and Fe3* (1053
nm) extinction coefficients with change in Fe-doping density;
values are normalized to the extinction coefficients at the high
concentration limit (1100 ppmw).

structural association (i.e. correlation) between the
Fe?* and Fe** ions because of their close prox-
imity. However, he proposes that at low concen-
tration the ions become spatially separated and are
no longer correlated and consequently, the Fe?*/
Fe3* ratio changes due to localized site (structural)
changes. If Glebov’s physical description is cor-
rect, then the characteristic Fe-Fe interatomic
distance for this change corresponds to the average
spatial separation at the characteristic iron con-
centration (Fe.) determined via Eq. (6). This sep-
aration is about 55 A for Fe,~ 170 ppmw.

In a related study, Bae and Weinberg [13] report
changes in the Cu?>*/Cu™ ratio with total Cu con-
centration even though the melt environment re-
mains unchanged. Like Glebov, they also suggest
this is due to structural (site accommodation)
effects.

4.3. Optical absorption by Dy, Sm, Pr and Ce

The extinction coefficients reported here for Dy
and Sm in LG-770 are similar to the values re-
ported by Toratani [28] for a germanium—gallium
phosphate glass (Table 2). Similarly the value for
Pr is only about 10-30% lower than Sm and Dy,
respectively. The extinction coefficient for Ce is
about 50-100% lower than the other rare earths
for these samples melted in 100% O,. The small

extinction coefficients are simply representative of
the fact that only the tails of the characteristic
absorption bands for these rare earths extend to
1053 nm [46].

4.4. Analysis of measured quenching rates

The measured quenching rates are analyzed
using the Forster—Dexter theory for dipolar energy
transfer [7,9,10] that was discussed in Section 1.
The quantity kps given by Eq. (3) is equal to the
measured quantity ka[A4] from Eq. (5) and thus

6 V) Gp
kA _ nfﬁA /KA( )i (V) dV' (7)

The data in Fig. 1 show that the impurity ab-
sorption, Ka(v), is approximately constant over
the frequency region of the donor emission bands
and thus, this term can be moved outside the in-
tegral

. ﬂRBgFA KD(V) dv
kA - [A] / P4 ’ (8)

where K 5 is the mean absorption over the emission
band and is proportional to e [A4], the acceptor
extinction coefficient at the emission band maxi-
mum. Eq. (8) can now be written in the useful form

ka = Pea, (9)

where f3 is a constant for a fixed Nd concentration
and a given glass composition

pnip] [ (10)

Note that we have replaced RS with 1'[4][D],
where [D] is the Nd (donor) concentration. The Nd
concentration used in this study, ~4 x 10% ions/
cm® while the impurity doping densities are
<0.3 x 10% ions/cm?. In words, Eq. (9) states that
the measured decay rate, on a per-ion basis, should
vary directly with the impurity (acceptor) extinc-
tion coefficient for samples containing a fixed Nd
doping level. In the case of Cu?*, the extinction
coefficient is nearly constant for all Cu?** doping
concentrations in both LHG-8 and LG-770 sam-
ples (Fig. 3). Similarly the Nd decay rate per unit
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Cu doping density (i.e. Hz/ppmw) is also nearly
constant (Fig. 7) as predicted by Eq. (9).

In contrast to Cu®*, the Fe extinction coefficient
depends on the concentration as shown in Fig. 4
and discussed in Section 4.2. Therefore, based on
Eq. (9), one expects the decay rate, kg, to vary
with the concentration in the same fashion as ¢ep;
this is found to be the case (Fig. 8). The line shown
in Fig. 8 is calculated by the expression

kFe = ﬁgFe; (11)

where ¢p. 1s the extinction coefficient at 1053 nm
for Fe given by Eq. (6) and f is 7.8 kHz/cm™' as
determined from the measured kg, and ep. at Fe
doping concentrations of 1000 ppmw.

Cu doping density (10'%ions/cm®)
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Fig. 7. Nd** fluorescence quenching rate as a function of Cu’>*-
doping concentration for both LHG-8 (@) and LG-770 (O).
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Fig. 8. Nd** fluorescence quenching rate for Fe in LG-770 as a
function of Fe-doping density. The line is calculated using Eq.

(11).

The quenching rate for the rare earths follows
approximately the same trend as the extinction
coefficients. Note however that whereas the ex-
tinction coefficients differ by more than 10-100
between the rare earths and Fe and Cu, respec-
tively, the corresponding difference in quenching
rates is about an order-of-magnitude less
(Table 1).

5. Conclusions

The Fe extinction coefficient at 1054 nm in two
meta-phosphate laser glasses decreases by more
than 10-fold from about 1.1 and 1.8 x 10~* cm™'/
ppmw to less than 1 x 107> cm~!/ppmw with a
change in Fe doping concentration from 1000 to
30 ppmw. In contrast, the extinction coefficient for
Cu remains constant at about 2.7 x 10~* cm™!/
ppmw over the same doping range. The quenching
rates for these two ions follow the same behavior
as the change in extinction coefficients as predicted
by Forster—Dexter theory for dipolar energy
transfer.

The unusual behavior of Fe is shown to be
caused by a change in the Fe’*/Fe’* ratio even
though the melt conditions remain constant. This
change is proposed to be caused by structural ef-
fects on the redox distribution similar to that
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reported by Glebov et al. [45] in silicates at low Fe
doping concentrations.

The extinction coefficients at 1053 nm of the
rare earths Dy, Sm, Pr and Ce are 10-100 times
less than Fe and Cu at 1000 ppmw doping levels
and follow the trend Dy 2 Sm ~ Pr > Ce. The
quenching rates follow the same trend but are only
about 2-10 times less than Fe and Cu, respectively.
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